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Abstract 

To  investigate  the  effect  of  matrix,  counter  ions  and  cycling  conditions  on  the  properties  of  mixed  iron  oxides,  CaFe2C>4,  Lio.sCao.s 
(Fei.5Sno.5)04  and  NaFeSnO.;  have  been  synthesized  and  their  electrochemical  performance  studied.  CaFe2C>4  shows  a  reversible  capacity 
of  ~200mAhg_1  at  60mAg_1  and  12-50  cycles  in  the  range  0.005-3.0  V,  but  shows  slight  capacity  fading  when  the  upper  voltage  is 
reduced  to  2.5  V.  Lio.sCao.slFei.sSno.sXL  gives  a  reversible  capacity  of  ~450mAhg_l  in  the  voltage  range  0.005-3.0  V  at  a  current 
density  of  60mAg_l  over  5-30  cycles  and  shows  slight  capacity-fading  up  to  50  cycles.  NaFeSnC>4  displays  drastic  capacity-fading  on 
cycling  to  3.0  V,  but  has  very  good  cycling  performance  (310-340 mAh g_l  for  to  4-110cycles)  on  cycling  between  0.005  and  1.0  V  at 
60  mA  g_  1 .  The  mechanism  of  operation  of  the  electrodes,  as  well  as  the  beneficial  effects  of  the  presence  of  Ca  ions  and  cycling  up  to  a 
3.0  V  cut-off  in  the  Ca-ferrites,  are  discussed. 
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1.  Introduction 

Studies  of  anode  materials  for  Li-ion  batteries  have  fo¬ 
cused  on  carbonaceous  materials  [1],  tin  (Sn)  oxides  and 
amorphous  tin  composite  oxides  (ATCOs)  [2-6],  Li-alloys 
and  interme tallies  [7],  and  recently,  transition  metal  oxides 
[8-13].  The  higher  capacity  observed  for  the  latter  materials 
(i.e.  400-900  mAh  g-1)  compared  with  graphite  (theoreti¬ 
cal  capacity:  372mAhg_1)  together  with  beneficial  safety 
aspects  make  these  materials  an  alternative  choice  as  an¬ 
odes  in  lithium-ion  batteries.  Accordingly,  extensive  studies 
were  carried  out  to  explore  the  materials  and  optimize  their 
performance. 

The  reversible  formation  of  Li-Sn  alloy  contributes  to 
the  capacity  of  Sn-oxides  and  ATCOs.  An  ATCO  with 
boron  and  phosphorous  was  reported  to  exhibit  reversible 
capacity  values  as  high  as  600mAhg_1  [2],  but  a  large 
irreversible  capacity  loss  during  the  first-discharge  and  its 
limited  cycle-life  due  to  aggregation  of  Sn-metal  particles 
over  repeated  charge-discharge  cycling  has  limited  its  use 
in  practical  cells.  Several  strategies  have  been  adopted  to 
overcome  the  problem  of  capacity-fading  in  ATCO  and 
other  Sn-containing  compounds,  for  example  by  using 
‘spectator’  atoms  in  the  matrix  that  can  help  in  absorbing 
the  volume  changes  that  take  place  during  cycling  and  re¬ 


*  Corresponding  author.  Tel.:  +65-6874-2956;  fax:  +65-6777-6126. 
E-mail  address:  phychowd@nus.edu. sg  (B.V.R.  Chowdari). 


tard  the  Sn-aggregation  process  [3-6],  by  dispersing  the 
electroactive  Sn-oxide  in  the  form  of  nano-particles,  and  by 
choosing  the  appropriate  operating  potential  window  [3-5]. 

Recently,  transition  metal  oxide  MO  (M:  Co,  Ni,  Cu  and 
Fe)  have  been  studied  as  possible  anodes  [8-13],  A  reac¬ 
tion  mechanism  for  these  oxides  that  involves  the  formation 
and  decomposition  of  L^O  accompanied  by  the  oxidation 
and  reduction  of  metal  nano-particles  has  been  proposed 
[8-10,12,13].  As  for  Sn-compounds,  these  transition  metal 
oxides  suffer  from  irreversible  capacity  loss  on  the  first 
cycle.  The  possible  cause  is  the  irreversible  formation  of  a 
solid  electrolyte  interphase  (SEI)  as  a  consequence  of  elec¬ 
trolyte  decomposition  that  involves  lithium.  The  oxide  CoO 
was  found  to  show  the  best  performance  with  reversible 
capacities  as  high  as  700mAhg_1  and  good  capacity  reten¬ 
tion  for  more  than  50  cycles  [8,9].  On  other  hand,  studies  by 
Wang  et  al.  [12,13]  and  Larcher  et  al.  [14]  showed  that  CoO 
and  C03O4  display  significant  capacity-fading  on  cycling, 
especially  in  the  case  of  C03O4.  Iron  oxide  has  also  given 
promising  initial  capacity  values  (300-600  mAh  g_1),  but 
exhibits  significant  capacity-fading  on  continued  cycling 
[8].  Iron  oxides  are  attractive  materials  for  lithium-ion  bat¬ 
teries  due  to  their  abundance,  low  cost  and  environmentally 
benign  discharge  products.  Mixed  oxides  of  iron,  FeB03 
[15]  and  FejBOf,  [15,16],  CaFe204  and  Li-Ca-Fe-Sn04 
[11,17]  have  been  studied  in  terms  of  their  anodic  proper¬ 
ties.  Our  recent  studies  on  CaSn03  have  shown  that  Ca  acts 
as  a  beneficial  ‘spectator’  atom  in  giving  and  sustaining  high 
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capacity  (380  mAh  g-1)  over  repeated  charge-discharge 
cycles  [5].  This  work  reports  investigations  on  CaFe2C>4 
and  its  Sn  doped  compounds,  Lio.5Cao.5(Fei.5Sno.5)C>4  and 
NaFeSnC>4,  for  use  as  anode  materials  in  lithium-ion  bat¬ 
teries,  and  on  the  effect  of  Ca  as  a  ‘spectactor’  atom  in  the 
matrix. 


2.  Experimental 

The  compounds  CaFe2C>4,  Lio.5Cao.5(Fei .sSno.slCU  and 
NaFeSnC>4  were  synthesized  by  means  of  a  high  tempera¬ 
ture  solid-state  reaction.  The  starting  materials  used  for  the 
synthesis  were:  O2CO3  (Fluka),  Na2C03,  CaCC>3  (Merck), 
SnC>2  (Merck)  and  Fe2C>3  (Fisher).  For  the  preparation 
of  CaFe204  and  Lio.sCao.stFei.sSno  5)04,  stoichiometric 
amounts  of  the  starting  materials  were  mixed,  ground  and 
heated  at  1180°C  in  air  for  24  h,  followed  by  quenching  to 
room  temperature.  The  product  was  reground,  re-heated  as 
above  and  quenched  [17,18].  For  NaFeSnCU  preparation,  a 
thoroughly  ground  stoichiometric  mixture  of  the  reactants 
was  heated  at  850  °C  for  24  h,  followed  by  slow  cooling 
(3  °C  per  min)  to  room  temperature.  The  reground  product 
was  pelletized  and  subjected  to  the  same  heat  treatment. 
The  final  product  was  ground  to  a  fine  powder. 

Structural  characterization  of  the  compounds  was  done 
by  powder  X-ray  diffraction  (XRD)  using  a  Siemens 
D5005/difractometer  equipped  with  Cu  Ka  radiation.  The 
morphology  of  the  powders  was  examined  by  scanning  elec¬ 
tron  microscopy  (SEM,  JEOL  JSM-6700F,  Field  Emission 


Electron  Microscope).  Composite  electrodes  of  the  active 
materials  for  electrochemical  studies  were  made  with  the 
mixed  oxide.  Super  P  carbon  and  binder  (Kynar  2801)  in 
the  weight  ratio  65:15:20.  A  thick  slurry  of  the  respective 
mixtures  was  made  using  /V-methyl  pyrrolidone  (NMP)  as 
the  solvent.  The  slurry  was  coated  on  a  copper  foil  by  the 
doctor-blade  technique  [5],  The  thick  film  (20-30  |xm)  elec¬ 
trodes  were  dried  at  80  °C  in  an  air  oven  for  24  h,  pressed 
between  twin  rollers,  cut  into  circular  discs  (16  mm  diame¬ 
ter),  and  then  vacuum  dried  at  70  °C  for  12  h.  These  were 
transferred  to  an  agron-filled  glove-box  which  maintains 
<lppm  of  H2O  and  O2  (MBraun,  Germany).  Coin  cells 
(size  2016)  were  fabricated  in  the  glove  box  with  lithium 
metal  (Kyokuto  metal  Co.,  Japan)  as  the  counter  electrode, 
Celgard  2502  membrane  as  the  separator,  and  1  M  LiPFg  in 
ethylene  carbonate  (EC)  +  diethyl  carbonate  (DEC)  (1:1  by 
volume,  Merck  Selectipur  LP40)  as  the  electrolyte.  Cyclic 
voltammetry  (CV)  and  galvanostatic  charge-discharge  cy¬ 
cling  of  the  cells  were  performed  with  a  MacPile  II  (Bi¬ 
ologic,  France)  and  Bitrode  multiple  battery  tester  (model 
SCN,  Bitrode,  USA). 


3.  Results  and  discussion 

The  XRD  patterns  of  the  compounds,  CaFe204, 
Lio.5Cao.5(Fei  5Sno  5)04  and  NaFeSnCU  are  shown  in 
Fig.  la-c.  The  lattice  parameters  were  determined  by  least 
squares  fitting  of  the  26  and  hkl  values.  The  pattern  of 
CaFe2C>4  has  been  indexed  according  to  the  JCPDS  database 


Fig.  1.  Powder  X-ray  diffraction  (XRD)  patterns  for  compounds,  CaFe2C>4,  Lio.5Cao.5(Fei.5Sno.5)04  and  NaFeSn04.  Miller  indices  (hkl)  are  shown. 
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(file  no.  32-0168)  and  the  orthorhombic  lattice  parameters 
are:  a  =  9.219  (±0.007)  k,b—  10.70  (±0.01)  A,  c  =  3.015 
(±0.003)  A.  These  are  in  good  agreement  with  the  literature 
reports  [17,18].  The  CaFe2C>4  framework  is  built  from  the 
vertex  sharing  of  double  rutile-type  units  of  FeC>6  octahe¬ 
dral  that  form  pesudo-triangular  tunnels  which  are  occupied 
by  Ca2+  ions  [17,18].  This  structure  is  known  to  have 
compositional  flexibility,  and  iso-structural  solid  solutions 
are  possible  by  replacing  Fe  by  Sn  with  an  accompanying 
substitution  of  Ca  by  Li  with  the  formula,  LivCai -(x+y)/2 
(SnlFe2-A)C>4,  and  0  <  y  <  x  and  0  <  x  <  0.6.  Such  solid 
solutions  have  been  found  to  have  better  electrical  con¬ 
ductivity  when  x  =  y  [18].  The  XRD  pattern  of  the  solid 
solution,  Lio.5Cao.5(Fei.5Sno.5)04  (x  =  y  =  0.5)  has  been 
indexed.  The  lattice  parameters  are:  a  =  9.287  (±0.002)  A, 
b  =  10.88  (±0.01)  A,  c  =  3.025  (±0.005)  A  and  are 
in  agreement  with  reported  values  [17,18].  NaFeSnC>4  is 
iso-structural  with  CaFe2C>4  [19]  and  its  orthorhombic 
lattice  parameters  ( a  —  9.303  (±0.006)  A,  b  =  10.95 
(±0.01)  A,  c  =  3.067  (±0.002)  A)  match  well  with  the  re¬ 
ported  data  in  the  JCPDS  file  (no.  73-0425),  except  that  b 
and  c  are  now  interchanged.  No  impurity  phases  are  noticed 
in  the  XRD  patterns  of  the  above  three  compounds.  Electron 
micrographs  of  the  compounds  are  shown  in  Fig.  2.  It  can  be 
seen  that  CaFe2C>4  and  Lio.sCao.slFej.sSno^CL  have  large 
(5-8  pm  size),  plate-like,  non-uniform  crystallites,  whereas 
NaFeSnC>4  consists  of  very  fine  and  uniform  crystallites 
with  sizes,  200-400  nm.  The  lower  synthesis-temperature 
of  NaFeSnC>4  assists  in  obtaining  fine  particles. 

The  electrochemical  performance  of  the  compounds  was 
evaluated  in  half-cell  configuration  with  a  Li-metal  anode. 
For  galvanostatic  as  well  as  for  potentiostatic  cycling,  the 
first  scan  always  commenced  in  a  negative  direction  from 
the  open-circuit  voltage  of  the  cell. 

For  galvanostatic  charge-discharge  cycling,  the  cells  were 
cycled  at  a  current  density  of  10  mA  g~ 1  for  the  first  2  cycles 
and  thereafter  at  60mAg-1  in  the  voltage  range  0.005-2.5 
or  0.005-3.0  V.  The  voltage  versus  capacity  profiles  for 
the  first-discharge  and  first-charge  cycle  (at  lOmAg-1)  for 
the  compounds,  CaFe2C>4  and  Lio.5Cao.5(Fei  sSno.5)04  are 
presented  in  Fig.  3a.  The  corresponding  voltage  profiles  for 
different  charge-discharge  cycles  (0.005-2.5  V;  5-50  cycles, 
only  select  cycles  are  shown  for  clarity)  at  a  current  den¬ 
sity  of  60mAg-1  are  given  in  Fig.  3b  and  c,  respectively. 
The  voltage  versus  capacity  profile  for  the  first-discharge 
and  first-charge  cycle  (at  lOmAg-1)  for  NaFeSnC>4  in  the 
voltage  range  0.005-1.0  and  0.005-3.0  V  is  presented  in 
Fig.  4a.  The  profiles  at  60mAg-1  (2nd  cycle  at  lOmAg-1) 
for  different  charge-discharge  cycles  and  voltage  ranges  are 
given  in  Fig.  4b  and  c.  The  first-discharge  profiles  (Figs.  3a 
and  4a)  for  all  the  compounds  exhibit  a  plateau  in  the  range 
1.0-0.5V  until  capacity  of  600-800  mAg-1  is  reached. 
Thereafter,  the  voltage  decreases  gradually  to  0.005  V. 

The  first  discharge  reaction  in  the  above  metal  oxides 
when  acting  as  cathodes  versus  Li  is  irreversible  destruction 
of  the  crystal  structure  that  leads  to  the  formation  of  metal 


(c) 


Fig.  2.  Scanning  electron  micrographs  of  (a)  CaFe204;  (b)  Lio.sCao.s 
(Fei.5Sno.5)04;  and  (c)  NaFeSn04. 

nano-particles  embedded  in  an  amorphous  matrix  of  CaO 
and  Li20  [6,8-12,17,20-22],  i.e. 

CaFe23+04  ±  6Li+ ±  6e“  CaO  ±  2Fe  ±  3Li20  (1) 

Lio.5Ca0.5(Fei.5Sno.5)04  ±  6.5Li+  ±  6.5e“ 

-*  0.5CaO  ±  1.5Fe  ±  0.5Sn  ±  3.5LLO 


(2) 
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Fig.  3.  Voltage  vs.  capacity  profiles  for  CaFe2C>4  and  Lio.5Cao.5(Fei.5 
Sno.5)04.  (a)  First  discharge  (OCV  to  0.005  V)  and  charge  (0.005-2.5  V) 
curves  at  lOmAg-1.  Profiles  during  5-50  cycles  at  60mAg-1  and  in 
voltage  range  0.005-2.5  V:  (b)  CaFe2C>4;  (c)  Lio.5Cao.5(Fei. 58110.5)04. 
Cycle  numbers  are  indicated. 


NaFe3+Sn4+04  +  7Li+  +  7e“ 

0.5Na2O  +  Fe  +  Sn  +  3.5Li2O  (3) 

In  Lio.5Cao.5(Fei.5Sno.5)04  and  NaFeSn04,  reactions  (2) 
and  (3)  are  also  accompanied  by  alloy  formation  of  Sn  with 
Li  metal,  i.e. 

Sn  +  4.4Li+  +  4.4e_  **  Li4  4Sn  (4) 

On  the  subsequent  charging,  the  reverse  of  reaction  (4) 
occurs  in  the  low  voltage  region  (<1.5  V),  but  in  the  high 
voltage  range  the  metal  (Fe)  particles  are  converted  to  ox¬ 
ide  together  with  the  decomposition  of  Li20  which  can  be 
written  as: 

Fe  +  Li20  **  FeO  +  2Li+  +  2e_  (5) 

This  reversible  displacement  reaction,  viz.,  the  formation 
and  decomposition  of  Li20  accompanied  by  the  reduction 
and  oxidation  of  metal  nano-particles  together  with  the 
alloying-de-alloying  of  Sn  with  Li  gives  rise  to  reversible 
capacity  in  subsequent  cycles.  Thus,  cycling  proceeds  in  a 
reversible  three-phase  region  between  metal  oxide,  the  met¬ 
als  (Fe,  Sn  and  alloy  Li4  4Sn)  and  Li20.  Calcium  metal  does 
not  form  during  the  first  discharge  due  to  the  high  Ca-O 


Fig.  4.  Voltage  vs.  capacity  profiles  for  NaFeSn04.  (a)  First  discharge  (OCV  to  0.005  V)  and  charge  (0.005-1.0V  and  0.005-3.0V)  curves  at  lOmAg-1; 
(b)  profiles  during  2-100 cycles  in  voltage  window  0.005-1.0  V  at  60mAg  1  (2nd  cycle  at  lOmAg-1);  (c)  profiles  during  2-30 cycles  in  voltage  window, 
0. 005-3. 0V  at  60 mA g  (2nd  cycle  at  lOrnAg  1 ).  Only  selected  cycles  are  shown.  Cycle  numbers  are  indicated. 
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bond  strength  [5,20].  LEO  is  known  to  be  electrochemi- 
cally  inactive,  but  in  the  case  of  nano-sized  metal  particles, 
chemical  and  physical  phenomena  can  be  affected  and  the 
electrochemically-driven  size  confinement  of  the  metal  par¬ 
ticles  is  believed  to  enhance  their  electrochemical  activity 
towards  the  formation/decomposition  of  LEO  [8-10,12]. 

Similarities  in  the  voltage  profiles  of  CaFe2C>4,  Lio.sCo.s 
(Fej  5Sno.5)C>4  and  NaFeSnC>4  during  the  first-discharge 
suggest  that  the  processes  of  structural  destruction  (Eqs.  (1)- 
(3))  and  alloy  formation  (Eq.  (4))  are  not  clearly  distin¬ 
guishable.  The  plateau  position  corresponding  to  the  first- 
discharge  is  almost  the  same  for  Lio.sCao.slFej .sSno.5)04 
and  NaFeSnC>4  (~0.85  V).  This  is  slightly  higher  than  the 
plateau  voltage  for  CaFe2C>4  (0.7  V),  and  possibly  reflects 
the  effect  of  Sn  substitution  and  the  counter  ions  (Ca, 
Na)  and  its  relative  ratio  present  in  the  compounds.  Sim¬ 
ilar  observations  have  been  reported  for  3d  metal  oxides 
[8-10,12,15,17]  and  Sn-based  compounds  [6,20,21],  for 
which  the  plateau  position  is  found  to  be  sensitive  to  the 
chemical  composition  of  the  matrix  and  the  crystal  structure 
of  the  starting  oxide,  even  though  the  same  electrochemical 
process  takes  place. 

From  the  first-charge  profiles  (Fig.  3a),  it  can  be  seen 
that  the  contribution  to  capacity  increases  in  Lio.5Cao.5(Fei  5 
Sno.5)04  (66%  of  the  first-discharge  capacity)  compared 
with  CaFe2C>4  (43%),  as  can  be  expected  due  to  the  pres¬ 
ence  of  Sn.  The  first-charge  contribution  of  NaFeSnC>4  is 
75%  of  the  first-discharge  capacity  up  to  3.0  V,  whereas  it 
is  only  30%  up  to  a  1.0  V  upper  cut-off  voltage.  The  latter 
behaviour  is  due  to  the  alloying  de-alloying  of  Sn  (Eq.  (4)). 
It  is  noted  that  there  exists  a  qualitative  difference  in  the 
voltage  profiles  of  Lio.5Cao.5(Fei.5Sno.5)04  and  NaFeSnC>4 
during  subsequent  charge-discharge  cycles  in  the  voltage 
range  0.005-2.5  (or  3.0)  V  at  60mAg-1.  The  plateau  cor¬ 
responding  to  the  reversible  reactions  (4)  and  (5)  are  clearly 
distinguishable  for  NaFeSnC>4  from  the  initial  cycles  (2-10 
Fig.  4c),  but  for  Lio.5Cao.5(Fei.5Sno.5)04,  the  plateaus  be¬ 
come  clear  only  after  the  20th  cycle  (Fig.  3c). 


The  observed  first  discharge-charge  capacity  values, 
the  corresponding  number  of  Li  atoms  (ions  +  electrons) 
involved  and  the  expected  Li-atoms  (calculated  as  per 
Eqs.  (l)-(4))  are  given  in  Table  1.  For  all  the  compounds, 
observed  values  corresponding  to  the  first-discharge  capac¬ 
ity  are  higher  than  the  calculated  values.  For  CaFe2C>4,  the 
difference  is  as  much  as  2.0  Li  per  formula  unit,  whereas 
for  Lio.sCao.sfFei  sSno  5)04  it  is  only  0.7  Li.  This  may 
be  explained  partly  on  the  basis  of  reversible  formation 
of  polymeric  gel  layer  around  the  metal  nano-particles  as 
observed  with  3d  metal  oxides  [9],  and  also  partly  to  the 
irreversible  formation  of  a  solid  electrolyte  interphase  [5]. 
Similar  high  values  of  the  number  of  Li  atoms  consumed 
during  the  first-discharge  have  also  been  reported  by  Dun¬ 
can  and  Nazar  [17]  in  preliminary  studies  on  CaFe2C>4 
and  Lio.3Cao.7(Fei.7Sno  3)04.  The  observed  capacity  val¬ 
ues  (and  the  corresponding  number  of  Li  atoms)  during 
the  first-charge  cycle  are  lower  than  the  calculated  values 
for  CaFe2C>4  (Table  1).  This  may  be  attributed  to  the  in¬ 
sulating  nature  of  the  compound  which  gives  rise  to  poor 
charge  transfer  and,  therefore,  less  than  full  utilization  of 
the  active  material.  The  observed  first-charge  capacities 
for  the  Sn-substituted  ferrites  Lio.sCao.5(Fei  sSno  5)04  and 
NaFeSnC>4  are  higher  than  the  calculated  values  if  it  is 
assumed  that  de-alloying  of  LE^Sn  and  LeO  formation  (re¬ 
actions  of  Eqs.  (4)  and  (5))  are  the  only  contributing  factors. 
It  is  possible,  however,  that  oxidation  of  Sn-metal  particles 
with  the  simultaneous  decomposition  of  LEO  matrix  can 
occur  on  charging  to  higher  voltages  (>1.5  V  versus  Li),  i.e. 

LEO  +  Sn  2Li+  +  2e“  +  SnO  (6a) 

2LEO  +  Sn  -o-  4Li+  +  4e“  +  Sn02  (6b) 

If  the  contribution  of  Eq.  (6a)  is  also  included,  then  the 
observed  and  the  calculated  first-charge  capacities  match 
very  well  for  Lio.5Cao.5(Fei  5Sno .5)04  (Table  1).  In  the 
case  of  NaFeSn04,  however,  it  may  also  be  necessary  to 
include  partial  contribution  to  the  capacity  from  Eq.  (6b), 


Table  1 


Observed  and  calculated  discharge-charge  capacities  and  corresponding  number  of  Li  atoms  per  formula  unit  for  stated  compounds 


Compound 

Voltage  range  of 
cycling  (V  vs.  Li) 

Molecular 
weight  (g) 

First  discharge  capacity 
(mAhg-1)  at  lOmAg-1 
(no.  of  Li+) 

Observed  Calculated 

First-charge  capacity 
(mAhg-1)  at  lOmAg-1 
(no.  of  Li+) 

Observed  Calculated11 

Charge  capacity 
(mAhg-1)  at  4th/50th 
cycle  (at  60mAg-1) 

CaFeoOa 

0.005-2.5 

215.8 

988  (8.0) 

745  (6.0) 

419  (3.4) 

497  (4.0) 

193/160 

0.005-3.0 

- 

- 

- 

- 

- 

200  (13th)/ 195  (50th) 

Lio.5Cao.5(Fei.5Sno.5)04 

0.005-3.0 

231.2 

1097  (9.4) 

1009  (8.7) 

728  (6.3) 

603  (5.2) 

719  (6.2)b 

467/405 

0.005-2.5 

- 

- 

- 

- 

- 

444/342 

NaFeSn04 

0.005-3.0 

261.6 

1286  (12.5) 

1168  (11.4) 

960  (9.4) 

656  (6.4) 

861  (8.4)b 

490  (7th)/275  (35th) 

0.005-1.0 

— 

— 

— 

382  (3.7 

451  (4.4) 

310  (4th)/342 
(50th)/313  (110th) 

a  Calculated  as  per  Eqs.  (4)  and  (5). 
b  Includes  contributions  from  Eqs.  (4)-(6a). 
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in  addition  to  Eq.  (6a),  to  explain  the  discrepancy  be¬ 
tween  the  observed  and  calculated  first-charge  capacities 
(Table  1).  Such  a  reversible  oxidation  of  Sn  on  charging  to 
high  voltages  has  been  observed  in  SnC>2  [4]  and  CaSnC>3 
[22].  The  fact  that  higher  capacity  is  observed  only  in  the 
Sn-substituted  CaFe2C>4-type  compounds  consolidates  the 
above  arguments. 

The  charge-discharge  capacity  as  a  function  of  cycle 
number  (3-50  cycles)  for  the  compounds  CaFe2C>4  and 
Fio.5Cao.5(Fei.5Sno.5)C>4  at  60mAg-1  between  0.005  and 
2.5  V  (the  first  2cycles  were  performed  at  lOmAg-1)  are 
shown  in  Fig.  5(a).  The  charge  and  discharge  capacity  val¬ 
ues  overlap  in  all  cases,  which  indicates  excellent  coulom- 
bic  efficiency  at  this  fairly  high  current  rate.  It  is  clear  from 
the  cycling  performance  that  Fio.5Cao.5(Fei.5Sno.5)04  is 
superior  to  CaFe2C>4  in  terms  of  reversible  capacity.  The 
higher  capacity  values  for  the  former  material  are  due  to 
the  participation  of  Sn  in  the  alloying-de-alloying  process 
(Eq.  (4))  in  addition  to  the  reversible  Fe-FeO  couple  as 
shown  in  Eq.  (5).  Moreover,  the  presence  of  two  different 
active  host  metals  (Fe  and  Sn)  and  two  separate  reaction 
mechanisms  (displacive  and  alloying)  probably  maintains 
the  electronic  conductivity  of  the  electrode.  A  gradual 
capacity-fading  between  15  and  50  cycles  is  seen  for  both 


Fig.  5.  Charge-discharge  capacities  as  function  of  cycle  num¬ 
ber  for  compounds  (first  2cycles  at  lOmAg  ]).  (a)  CaFe^tV  and 
Lio.5Cao.5(Fei.5Sno.5)C>4  in  voltage  windows  0.005-2.5  and  0.005-3.0  V. 
Current  densities  and  upper  cut-off  voltage  are  shown;  (b)  NaFeSnC>4 
at  60mAg~'  between  0.005  and  1.0V  (2-110cycles;  first  2cycles  at 
10mA g~*  not  shown)  and  in  the  range  0.005-3.0 V  (6-35 cycles;  first 
5cycles  at  1 0 mA g'  1  not  shown).  Filled  and  open  symbols  are  for  dis¬ 
charge  and  charge  cycle,  respectively. 


Fio.5Cao.5(Fei.5Sno.5)04  and  CaFe2C>4  when  cycled  in  the 
range  of  0.005-2.5  V.  For  Fio.sCao.sfFepsSno^fTt,  this 
may  be  attributed  partially  to  the  sensitivity  of  Sn-containing 
compounds  towards  the  operational  voltage  window  for 
stable  performance,  as  has  been  observed  for  SnCh  and 
other  Sn-based  compounds  [3-5,21].  On  cycling  the  cells 
in  the  voltage  range  0.005-3.0  V  Fio.5Cao.5(Fei.5Sno.5)04 
still  shows  some  capacity-fading,  CaFe204  displays  ex¬ 
cellent  capacity-retention  up  to  50  cycles  (Fig.  5a).  In 
their  preliminary  studies,  the  group  of  Nazar  [17]  has 
reported  a  first-charge  capacity  of  646  mAh  g- 1  for 
Fio.5Cao.5(Fei  5Sno.5)04  which  falls  to  ~500mAhg-1  at 
the  end  of  the  25th  cycle  (at  50  mA  g  1 ;  0.005-3.0  V). 
For  the  same  compound,  this  study  shows  a  first-charge 
capacity  of  728  mAhg-1  (at  lOmAg-1;  0.005-3.0  V).  On 
increasing  the  current  density  to  60mAg-1,  the  capac¬ 
ity  is  467  mAhg-1  on  the  fourth  cycle  and  remains  at 
405  mAhg-1  at  the  end  of  the  50th  cycle  (Fig.  5a). 

The  charge-discharge  capacity  as  a  function  of  cycle 
number  for  the  compound  NaFeSn04  at  60mAg'  1  be¬ 
tween  0.005  and  1.0V  (2-1  lOcycles;  the  first  2cycles  at 
lOmAg-1)  and  between  0.005  and  3.0  V  (6-35  cycles;  first 
5  cycles  at  lOmAg-1)  is  shown  in  Fig.  5b.  On  cycling  to 
3.0  V  (upper  cut-off  voltage),  the  cell  shows  a  first-charge 
capacity  of  960 mAhg-1  which  falls  to  740 mAhg-1  on  the 
fifth  cycle  (not  shown  in  Fig.  5b).  For  the  subsequent  cycles 
at  a  current  density  of  60mAg-1,  the  discharge  capacity 
is  490mAhg-1  at  the  7th  cycle  and  falls  to  275 mAhg-1 
at  the  end  of  the  35th  cycle.  This  clearly  indicates  drastic 
capacity  fading.  On  cycling  the  cell  to  1.0  V,  however,  a 
capacity  in  the  range  3 10-340 mAhg-1  (at  60mAg-1)  is 
fairly  stable  up  to  110  cycles  as  shown  in  Fig.  5b.  This  cor¬ 
responds  to  3.3  (±0.2)  mol  of  recyclable  Fi,  as  compared 
with  the  theoretical  value  of  4.4  Fi. 

The  higher  capacity  values  observed  for  NaFeSn04  on 
cycling  to  3.0  V  is  understood  by  the  fact  that  the  reactions 
expressed  by  Eqs.  (4)-(6)  contribute  to  the  capacity.  The  ca¬ 
pacity  up  to  1  V  is  obtained  from  the  reversible  reaction  rep¬ 
resented  by  Eq.  (4).  For  Sn-based  compounds,  it  is  known 
that  the  voltage  window  of  operation  is  crucial  to  cycling  per¬ 
formance  [3,6,20-22]  as  has  been  observed  for  NaFeSn04. 
The  Na  and  Fe  atoms  appear  to  act  as  ‘spectators’  in  the 
voltage  range  0. 005-1. 0  V. 

The  compounds  NaFeSnC>4  and  Fio.sCao ,5(Fei .sSno .5)04 
display  different  performance  on  cycling  to  an  upper  cut-off 
voltage  of  3.0  V  (Fig.  5).  The  former  shows  drastic  capacity 
fading,  while  the  latter  has  better  cycling  stability.  It  should 
be  recalled  that  in  both  the  compounds,  the  reversible  ca¬ 
pacity  is  contributed  by  the  reaction  shown  in  Eqs.  (4)-(6) 
up  to  3.0  V  cycling.  As  mentioned  earlier,  however,  the 
voltage  profiles  for  the  compounds  are  qualitatively  dif¬ 
ferent  for  the  first-charge  and  subsequent  discharge-charge 
cycles:  NaFeSnQr  gives  clear  two-plateau  behaviour  and 
Fio.5Cao.5(Fei.5Sno.5)04  gives  an  almost  continuous  profile 
(Figs.  3  and  4).  This  may  be  due  to  the  fact  that  the  Sn:Fe 
ratio  in  the  former  is  1:1  and  in  the  latter  it  is  1:3.  This 
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makes  the  Sn  in  Lio.5Cao.5(Fei.5Sno.5)04  more  dispersed 
in  the  reduced  matrix,  whereby  a  clear  identification  of 
the  processes  corresponding  to  Eqs.  (4)-(6)  become  diffi¬ 
cult.  Whereas  for  NaFeSnCU  the  higher  Sn  content  can  pro¬ 
vide  Sn-metal  rich  regions  which  makes  the  processes  of 
Eqs.  (4)-(6)  clearly  distinguishable  and  hence  more  effi¬ 
cient  oxidation  of  Sn  (Eq.  (6))  becomes  plausible.  The  fact 
that  the  observed  and  the  calculated  (Eqs.  (4)-(6a))  capac¬ 
ity  values  are  different  for  NaFeSnC>4  (~1  Li)  but  are  in 
close  agreement  for  Lio.5Cao.5(Fei.5Sno.5)04,  support  the 
above  argument  (Table  1).  Further,  the  reversible  oxidation 
of  Sn  (Eqs.  (6a)  and  (6b)  is  known  to  deteriorate  the  cycling 
performance  in  Sn-containing  compounds,  as  seen  in  the 
present  case.  The  difference  in  performance  of  the  above  two 
compounds  could  also  be  due  to  the  counter  ion  present  in 
the  matrix.  Similar  influences  of  the  crystal  structure  of  the 
starting  compounds  and  the  counter  ions  (spectactor  atoms) 
on  the  electrochemical  performance  have  been  reported  for 
Fe  [15]  and  Sn  [3,6]  based  compounds.  The  CaO  matrix 
present  in  Lio.5Cao.5(Fei.5Sno.5)C>4  may  help  to  give  a  good 
cycling  performance  (0.005-3.0  V)  similar  to  that  observed 
in  nano-crystalline  CaSnC>3  [5,22]. 

The  superior  cycling  performance  observed  in  Lio.sCao.s 
(Fe i  s Sno. 5)04  on  cycling  to  3.0  V  rather  than  to  2.5  V, 
may  also  be  due  to  reversible  formation/decomposition 
of  a  polymeric  gel-type  surface  film  around  the  Fe-metal 
nano-particles,  as  proposed  by  Tarascon  and  co-workers 
[8,9,14].  Such  a  film  formation  can  impart  stability  to  the 
electrode  and  its  reversibility  can  also  contribute  to  the  total 
capacity.  Also,  there  might  exist  a  threshold  electrode  po¬ 
tential  beyond  which  the  captured  metal  ionic  species  will 
be  released,  and  thereby  account  for  the  dissolution  of  the 
gel-type  layer  at  higher  applied  potentials.  Thus,  at  the  end  of 
first-discharge,  the  electrode  comprises  Fe-metal  and  Li^Sn 
nano-particles  that  are  embedded  in  a  matrix  of  LEO  and 
CaO,  and  are  surrounded  by  an  inorganic  solid  electrolyte 
interphase  (SEI)  layer  with  an  electrochemically-active 
polymer  film  on  the  outer  surface.  Such  a  coating  ensures 
mechanical  cohesion  between  the  electrochemically  formed 
nano-grains  without  hindering  the  electronic  conductivity, 
and  is  helpful  in  maintaining  cycleability.  The  Ca-ions  must 
also  be  playing  a  beneficial  role  since  on  cycling  NaFeSn04 
to  a  3.0  V  cut-off,  a  drastic  capacity  fading  is  observed 
(Fig.  5b).  In  this  case,  the  counter  ion  matrix  (Li  and  Na) 
may  facilitate  the  formation  of  a  destructive  and  resistive 
surface  film  which  hinders  the  charge-transfer  process  and 
leads  to  the  observed  capacity  fading. 

Cyclic  voltammograms  (CVs)  for  Lio^Cao  jfFei  sSno. 5)6)4 
and  CaFe2C>4  in  the  voltage  window  0.005-3.0  V  up  to 
10  cycles  are  shown  in  Fig.  6a  and  b,  respectively.  The  cv  of 
NaFeSnC>4  in  the  voltage  range  0.005-3.0  and  0.005-1.0  V 
are  presented  in  Fig.  7a  and  b,  respectively.  Lithium  metal 
was  used  for  the  counter  and  reference  electrodes  and  the 
scan  rate  was  0.058  mV  s-1.  For  all  the  compounds,  the 
first-discharge  profile,  commencing  from  the  open-circuit 
voltage,  shows  a  large  decrease  in  the  A  Q  value  below 


Fig.  6.  Cyclic  voltammograms  (1-10  cycles)  for  (a)  CaFe204  and  (b) 
Lio.5Cao.5(Fei.5Sno.5)04  vs.  Li  at  scan  rate  of  0.058  mV  s-1  and  voltage 
window  0.005-3.0  V.  Only  select  cycles  are  shown.  Cycle  numbers  are 
indicated. 


Fig.  7.  Cyclic  voltammograms  for  NaFeSn04  vs.  Li  at  scan  rate 
of  0.058  mV  s-1.  (a)  1-15  cycles  in  voltage  window  0.005-3.0  V;  (b) 
1-25  cycles  between  0.005  and  1 .0  V.  Only  select  cycles  are  shown.  Cycle 
numbers  are  indicated. 
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1.0  V.  The  profile  for  CaFe2C>4  does  not  exhibit  any  sharp 
cathodic  peaks  corresponding  to  the  decomposition  reac¬ 
tion,  rather  the  A Q  value  decreases  sharply  up  to  the  lower 
cut-off  voltage  limit  of  0.005  V.  The  second-discharge  pro¬ 
file  of  CaFe2C>4  has  a  cathodic  peak  at  around  0.63  V  that 
shifts  to  lower  voltages  during  subsequent  cycles  with 
decreased  intensity.  The  first-  and  second-charge  profiles 
have  a  well-defined  peak  at  around  1.4  V  which  gradually 
shifts  to  around  1.7  V  during  5-10  cycles  without  much 
change  in  the  peak  area  (Fig.  6a).  The  participation  of 
nano-size  Fe-metal  particles  is  obviously  reflected  in  these 
charge-discharge  cycles.  The  CV  profile  for  the  first  cycle 
of  Lio.sCao.sfFei  5Sno.5)C>4  displays  a  well-defined  cathodic 
peak  at  around  0.3  V  with  a  shoulder  at  0.62  V,  whereas  an 
anodic  peak  occurs  at  around  1.6  V  in  addition  to  a  broad 
peak  centred  at  0.9  V.  The  cathodic  peaks  below  1 .0  V  can 
be  assigned  to  the  formation  of  Sn  and  Fe  metal  particles 
and  alloy  (U4 .4Sn).  The  anodic  peak  at  0.9  V  is  due  to  the 
de-alloying  of  LL^Sn,  whereas  that  at  1.6  V  is  due  to  the 
participation  of  the  Fe-FeO  couple  similar  to  CaFe2C>4. 
The  second-cycle  cathodic  peaks  occur  at  0.75  and  0.9  V, 
which  merge  in  to  one  peak  followed  by  a  decrease  in 
peak-intensity  during  5-10  cycles  (Fig.  6b).  During  these 
cycles,  the  anodic  peak  at  0.9  V  is  suppressed  and  the  second 
peak  gradually  shifts  from  1.6  to  1.8  V  and  decreases  in  in¬ 
tensity.  This  probably  reflects  the  increasing  cell  impedance 
and  indicates  capacity-fading  in  the  material  on  cycling 
which,  in  fact,  is  also  seen  in  galvanostatic  cycling  (Fig.  5a). 

The  CV  of  NaFeSnC>4  has  been  recorded  in  two  voltage 
ranges  to  delineate  clearly  the  contributions  of  Sn  and  Fe 
to  the  charge-discharge  processes.  When  scanned  between 
0.005  and  3.0  V,  the  first-cathodic  (discharge)  peak  is  broad, 
i.e.  from  0.15  to  0.84  V,  and  corresponds  to  the  destruction 
of  the  crystal  structure  and  the  formation  of  Sn-metal,  its  al¬ 
loy  (LLuSn),  and  Fe-metal  particles.  NaFeSnC>4  shows  two 
distinct  peaks  in  the  anodic  scan,  one  at  0.55  V  assigned  to 
de-alloying  of  Li4.4Sn  (reverse  reaction  of  Eq.  (4))  and  the 
second  at  ~  1 .76  V  (Fig.  7a).  The  latter  peak  has  an  intensity 
which  decreases  with  cycling,  and  can  be  assigned  to  the 
oxidation  of  both  Fe  and  Sn  (reactions  given  by  Eqs.(5)  and 
(6))  as  described  earlier.  During  cycling  (2-15  cycles, 
Fig.  7),  the  peak  at  0.55  V  and  its  intensity  remain  unaf¬ 
fected  whereas  that  at  1.7  V  shifts  to  higher  voltages  and  its 
intensity  decreases.  The  CV  of  NaFeSnC>4,  up  to  a  cut-off 
voltage  of  1 .0  V,  where  only  the  reaction  of  Eq.  (4)  takes 
place,  shows  overlapping  anodic  peaks  from  5  to  25  cycles. 
This  indicates  very  good  cycleability,  and  thus  stability 
of  the  compound,  as  is  clearly  seen  in  the  capacity  data 
of  Fig.  5b.  Thus,  the  CV  profiles  of  the  three  compounds 
corroborate  the  galvanostatic  cycling  data. 

4.  Conclusion 

Pure  and  Sn-substituted  Ao-structural  ferrites,  CaFe2C>4, 
Lio.5Cao.5(Fei  5Sno.5)C>4  and  NaFeSnC>4  have  been  syn¬ 


thesized,  characterized  by  X-ray  diffraction  and  SEM  and, 
evaluated  as  cathodes  versus  Li  metal  by  galvanostatic 
tests  and  cyclic  voltammetry.  CaFe2C>4  gives  capacity  val¬ 
ues  which  range  from  200  to  230mAhg_1  and  up  to  the 
15th  cycle  at  60mAg"  1  and  in  the  range  0.005-2.5  V  ver¬ 
sus  Li  metal.  At  the  end  of  50  cycles,  the  capacity  drops 
to  160mAhg_1,  which  indicates  some  capacity  fading. 
The  achievable  capacity  values  can  be  enhanced  in  the 
compound  Lio.5Cao.5(Fei.5Sno.5)C>4  (450mAhg-1  at  15th 
cycle  falling  to  405mAhg_1  at  the  end  of  50  cycles,  at 
60mAg_1)  but  at  a  higher  cut-off  voltage  (0.005-3.0  V). 
This  higher  charging  voltage  does  not  show  much  im¬ 
provement  in  charge-discharge  capacities  but  appears  to 
be  crucial  in  reducing  capacity  fading  in  CaFe2C>4  and 
Lio.5Cao.5(Fei.5Sno.5)04.  The  compound  NaFeSn04  shows 
drastic  capacity  fading  on  cycling  to  3.0  V,  whereas  a  very 
good  cycling  performance  (3 10-340  mAh  g-1  stable  up  to 
110  cycles  at  60mAg_1)  is  obtained  between  0.005  and 
1.0  V.  Pure  and  Sn-substituted  ferrites  display  qualitative 
differences  in  their  CV  profiles  during  the  first  reduction  cy¬ 
cle  and  the  profiles  on  repeated  cycling  are  complimentary 
to  the  galvanostatic  cycling  data. 

On  comparing  the  performance  of  NaFeSn04  and 
Lio.5Cao.5(Fei.5Sno.5)04  on  cycling  in  the  range  0.005-3.0  V, 
it  is  clear  that  Ca  plays  a  beneficial  role  in  reducing  capacity 
fading.  From  the  observed  electrochemical  behaviour,  the 
reaction  mechanism  in  these  compounds  can  be  explained 
in  terms  of  structural  destruction  with  the  formation  of 
nano-particles  of  Fe  (and  Sn  and  Li-Sn  alloy  formation  in 
Sn-containing  compounds)  during  the  first  discharge.  The 
reversible  capacities  on  the  subsequent  cycles  are  due  to  the 
displacement  reaction  of  these  metal  particles  with  L^O 
and  Li-Sn  de-alloying-alloying  reaction.  The  results  for 
CaFe2C>4  and  Lio.sCao.slFei  5Sno .5)04  are  in  broad  agree¬ 
ment  with  those  reported  by  other  workers  [17].  The  re¬ 
versible  capacities  for  the  present  Sn-containing  compounds 
compare  very  well  with  that  shown  by  graphite;  the  average 
potential  range  of  operation  is  M).5  V  for  NaFeSn04  and 
~1.5V  for  Lio.5Cao.5(Fei  sSno  5)04.  The  compounds  are 
therefore  promising  anode  materials  for  Li-ion  batteries. 
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